The flexural strength of conventional concrete material is known to be enhanced by incorporating a moderate volumefraction of randomly distributed fibers. However, there is limited information on describing the influence of fiber volumefraction on the compressive and flexural strength of recycled coarse aggregate concrete (RCA-C) material. This paper reports on experimental test results of the RCA-C material replaced with 0, 30, 50 and 100% recycled aggregate and 0, 0.5, 1 and 1.5% steel fiber volume fraction. Three-point flexural tests of notched prism specimens were completed. The mechanical properties in compression were characterized using cube specimens. Significant improvement in compressive and flexural strength of RCA-C was found as fiber content increased from 0 to 1.5%. The experimental test results of RCA-C were further evaluated to investigate the influence of fiber content on flexural toughness. According to test results, the addition of steel fibers to RCA-C material appreciably increased the flexural toughness.
Introduction
The use of recycled coarse aggregate concrete in buildings and bridges has received significant attention over the recent years. However, there has not been enough research to characterize the mechanical properties of this material in compression, flexure, and tension. Some standards prohibit the structural use of recycled coarse aggregate concrete, as the mechanical response of this type of concrete is not well established [1] . However, the British Standard Code allows replacing 20% of the total aggregate in the concrete with crushed aggregate [2] . Likewise, the German code allows the use of 25% to 40% recycled aggregate as replacement. However, aggregate size less than 2 mm is not allowed [3] .
Past researches has indicated that, compared to conventional concrete (CC), the recycled aggregates feature more porous texture, lower density, smaller modulus of elasticity, higher shrinkage and water absorption as well as reduced resistance to freezing and thawing [4, 5] . The response of RCA-C concrete material is primarily affected by the crushed aggregate material quality and quantity [6] . Thus special care shall be taken to ensure a high quality crushed aggregate is used in the RCA-C material.
According to Li and Limbachiya [7, 8] slight changes in the mechanical properties of RCA-C with 20% to 30% aggregate replacement were observed. However, the higher recycled coarse aggregates content would significantly result in loss in the compressive strength of the RCA-C [9, 10] . This is most probably attributed to the increased porosity in the concrete texture and the weak transitional zone between the recycled aggregate and cement matrix [11] .
14 The addition of steel fibers to CC and RCA-C is reported to enhance the mechanical properties of normal concrete in flexure, compression, tension, and shear. In addition, the use of steel fiber would significantly improve the permeability of concrete by retarding the crack initiation and propagation rate. However, no clear relationship is provided to quantify the influence of steel fibers.
There is currently limited research on the effect of steel fibers in recycled concrete, most of which dealing merely with mechanical behavior at a limited level of replacement materials [12, 13, 14] or at a certain level of fiber addition [15, 16] . However, the effect of substituting different proportions of recycled coarse-aggregate materials and steel fibers simultaneously has been rarely subjected to scrutiny and investigation by researchers. Furthermore the aim of this research is to study the compressive and flexural response of steel fiber recycled concrete.
Experimental Investigation
This study seeks to identify and analyze the mechanical response of CC and RCA-C. Four levels of aggregate replacement, i.e., 0, 30, 50 and 100% along four different fiber volume fractions (V f ), as 0, 0.5, 1 and 1.5% were used in this research. The experiments were examined at the ages of 7 days and 28 days using a total of 96 cubic specimens 150x150x150 mm. The flexural tests of 48 prism samples beams with dimensions of 100x100x350 mm were also tested. The samples were cast and stored for 24 hr in ambient condition, and then demolded and cured for 28 days at 23±2 °C in water reservoirs according to the ASTM standard C-192 [17] .
Materials

Cement
Locally produced Type 2 Portland cement was used in both CC and RCA mixes, which had the best compatibility with other mix components ( 
Aggregates
Fine and coarse aggregates with a maximum size of 19 mm were obtained from the stockpiles of local supplier. The recycled aggregates were obtained from an existing 45-years-old concrete building. Figure 1 shows the natural and recycled coarse aggregates that were used in this study. 
Silica Fume
The use of Silica Fume (SF) in concrete improves the mechanical properties in compression and flexure through pozzolanic activity as filling voids between the cement particles. The use of SF also improves the rheological characteristics of the paste. An undensified SF was used in the current study, having manufacturer specified properties as: greater than 98.9% SiO 2 , maximum particle size 0.1 µm and bulk density 250-300 kg/m 3 . density 1.1±0.02 g/cm 3 and 30% solids content showed the best mixture consistency, and allowed the highest compressive strength among the SP and cement combinations considered in the study.
Steel Fibers
The distributed steel fibers provide an alternate force transfer path across the cracks, thus reducing the crack initation and propagation and improving the aggregate interlock. Double-hooked steel fibers with length and diameter of 50 mm and 0.8 mm, respectively and aspect ratio (l/d) of 62.5 were used. The tensile strength of fiber used was 1100 MPa.
Mixture Preparation
In order to study the effect of recycled-aggregate replacement and fiber volume fraction on flexural and compressive strength of both CC and RCA-C material, a series of mixes were cast. The mix proportion of each mixture is presented in Table 2 . The reference concrete (CC), was prepared with 100% of natural aggregates with a maximum aggregate size of 19 mm. The RCA-C concretes were prepared with 30, 50 and 100% recycled-aggregate substitution, designed as RCA-C30, RCA-C50 and RCA-C100.The maximum crushed aggregate size of 19 mm was selected. All the CC and RCA-C concretes mixes were prepared with a water-to-cement ratio (w/c) of 0.36. The cement and SF content were 430 kg/m 3 and 40 kg/m 3 , respectively. Four different volume fraction (V f = 0, 0.5, 1 and 1.5%) of hooked end steel fibers with a length of 50 mm , aspect ratio of 62.5 and yield strength 1100 MPa were used.
Experimental Results and Discussion
Physical Properties of the Aggregates
Water Absorption and Density
The results of tests to determine the physical properties of aggregates are listed in Table 3 . The water absorption of recycled coarse aggregates is greater than that of the natural aggregates. Water absorption of recycled coarse aggregates and that of natural aggregates were 6.44% and 3.23%, respectively. Furthermore, it can be seen that, the water absorption of the recycled coarse aggregates is higher than that of natural fine aggregates. It seem that these factors are directly related to the porosity percentage and the increase in the amount of attached mortar to the recycled aggregate. On the other hand, comparison of density of the recycled coarse aggregates to that of natural coarse aggregates indicates 17% reduction. 
Attached Mortar
The results of tests on the 5 samples of recycled coarse aggregate in three ranges: 4.75-9.5, 9.5-19 and 19-25 for determining the amount of attached mortar to recycled aggregates are presented in Figure 2 and Table 4 . The test method used was HEAT TREATMENT and based on the research done by Sanchez [18] . The attached mortar of aggregates in the size of 4.75-9.5 mm was 53% to 66% and this limitation was reduced to 47% to 62% when aggregate size reached 9.5-19 mm. Finally, the attached mortar of aggregate in the range of 19-25 mm was recorded 26% to 40%. In other words, the lower size of recycled coarse aggregates leads to a more attached mortar. Table 4 gives the results of attached mortar calculated by Sanchez [18] as compared to this research. Although, the result of the current study confirms that of Sanchez´s research, the higher percentage of attached mortar in this research can be attributed to the high compressive strength of the mother concrete because Liu et al. [19] have shown that the higher strength of the mother concrete leads to the higher amount of attached mortar to the recycled aggregates. 
Figure 2. Recycled aggregates attached mortar
According to the two sets of results, as shown in Tables 3 and 4 , it can be concluded that with a decrease in the recycled coarse aggregate size, due to the increased amount of attached mortar, water absorption will also increase.
Compressive Strength
The compressive strength test of concrete mixes with and without recycled aggregates was used to determine the failure stress of the test specimens under uniaxial compression. The test was performed according to ASTM C109 [20] using three cubes with the dimension of 150 mm x150 mm x 150 mm to obtain an average value. The load rate applied to cubes was set at a rate of 0.5 MPa/s. The compressive strength of specimens was monitored at 7 and 28 days of age. Table 5 shows the 7 and 28 days compressive strength and strength gain for each concrete mix type. 
Influence of Fiber Volume Fraction
The influence of fiber volume-fraction on the maximum compressive strength of CC and RCA-C material is summarized in Table 5 and Figure 3 at 7 days and Figure 4 at 28 days. Compared to the plain RCA-C mixes with V f = 0%, the use of V f = 0.5, 1, and 1.5% fiber was found to increase the average compressive strength by 14%, 14%, and 24% ,respectively at the age of 7 days (See Figure 3(a) ). A similar trend was observed for the conventional concrete material, where the average maximum strength was 10%, 7% and 21% for V f = 0.5, 1, and 1.5% fiber fraction, respectively (See Figure 3(a) ). As can be seen in this figure, the 7-day compressive strength of conventional concrete is more than all types of recycled concretes.
The highest improvement in compressive strength due to the increase of fiber, at the age of 7 days for CC was found 21% and 26% for RCA-C 30 and RCA-C 50. The maximum compressive strength of CC and RCA-C material at the age of 28 days are presented in Figure 4 . Significant improvement was found at the age of 28 days after 0.5% and 1.0% fibers were respectively added to CC and RCA-C. As presented in Figure 4 (a), no improvement in the maximum compressive strength was found for mixes with more than 1% fiber content. This phenomenon is most probably attributed to the balling effect [13] .
Influence of Age
The results of 7 and 28 days compressive strength test of cubic samples are summarized in Table 5 and Figures 3  and 4 . The average results indicate that the maximum compressive strength of conventional concrete at the age of 28 days is 37% higher than that at the age of 7 days for mixes with V f = 0%, 0.5%, 1%, and 1.5% respectively. A similar trend was observed for the RCA-C materials, where 60%, 58%, 48% improvement in 28 days strength over the 7 days was found for mixes with 30%, 50% and 100% recycled coarse aggregate replacement, respectively (See Table 5 ). Further improvement of compressive strength improvement in RCA-C could be due to the pozzolanic reaction of microsilica in these mixes. Compared to the CC, the pozolanic reaction of microsilica leads to higher compressive strength improvement in RCA-C. 
Influence of Recycled Coarse Aggregate Replacement
The descending slope of graphs in Figure 3b shows 13% reduction in plain concrete compressive strength with increase of recycled aggregate replacement. The average of the reduction was found 10% in fiber reinforced recycled concretes.
The average results of maximum compressive strength of conventional concrete (without fiber) at the age of 28 days show 51.6 MPa. The average results of compressive strength for RCA-C 30-0 and RCA-C 50-0 presented in Table 3 indicates 2% and 4% increase and 4% decrease in RCA-C 100-0, respectively. It can be deducted that in concretes without fiber, up to 50% recycled coarse aggregate replacement would reach more compressive strength than CC. Compared to the fiber reinforced conventional concretes, 30% recycled coarse aggregate replacement was found to increase the average compressive strength by 11%. Beyond 30% recycled coarse aggregate replacement, the average compressive strength begins to decrease and gain 6% improvement. (See Figure 4(b)) 
Flexure Strength
A series of notched prism specimens were tested under third-point loading in accordance with ASTM C1609 [21] to characterize the flexural properties of the recycled coarse aggregate concrete (RCA-C) and conventional concrete (CC) material. The notch was saw-cut into the bottom face of prism specimens at mid-span. The purpose of the notch was to predetermine the crack location and prevent multiple micro cracks from forming in the high tensile zone. A notch depth of 25 mm was adopted in this research. A displacement controlled loading rate of 0.05 mm/min was used for the prisms until the mid-span deflection reached a deflection limit of L/150. Two Linear Variable Displacement Transducers (LVDTs) were attached to a yoke to measure the mid-span deflection of the neutral axis. The flexural peak load, modulus of rapture (MOR), and toughness factor, which is the area under load-deflection curve from 0 mm to L/150, were investigated and the results are presented in Table 6 .
Flexural Load-Deflection Response
Typical flexural load vs. deflection curves for CC and RCA-C mixes with V f = 0.5, 1.0, and 1.5% are illustrated in Figure 5 . Unlike CC and RCA-C mixes incorporating steel fibers, the failure in flexural prisms constructed with plain mixes was found to be sudden and brittle with relatively little cracking. The flexural responses of the CC material with different fiber contents are compared against the RCA-C response and the results are illustrated in Figure 5 . All the CC and RCA-C mixes presented a linear response until the limit of proportionality (LOP) was reached. After this point, the flexural strength of mixes with V f =1% and 1.5% slightly increased until the peak load was achieved. As presented in Figure 5 , higher softening rate in the RCA-C than CC material was found. This is most probable because compared to CC material incorporating natural aggregate there is a weaker transition zone between the crushed aggregates and paste. According to Figure 5 , the RCA-C materials tend to show the similar response and peak flexural load presented by the CC material. This phenomenon is mainly attributed to the governing role of the steel fibers in both mixes. 
Influence of Recycled Coarse Aggregate
The flexural responses of the CC material with different fiber contents are compared against the RCA-C response and the results are illustrated in Figure 5 and Table 6 . According to the test results, increase in recycled coarse aggregates in plain concrete from 0% to 30% leads to 23% increase in the MOR of RCA-C material. Compared with the plain conventional concrete; increase in recycled coarse aggregates from 50% to 100 leads to 17% to 30% decrease in MOR, respectively. 
Influence of fiber volume-fraction
The calculation of MOR was based on the proposed equation in ASTM C1609 [21] as shown in formula 1.
max wn
Pl MOR bd (1) Where d n represents the height of the prism after accounting for the notch, b w is the prism width, L is the clear span, and P max is the maximum flexural load. The influence of fiber volume-fraction on flexural strength of CC and (RCA-C) is summarized in Table 6 . According to the test results, increase in fiber volume fraction from 0% to 0.5%, 1% and 1.5% can lead to 31, 67, 89% increase in the MOR of CC material. A similar trend was noted for RCA-C materials, where 49, 85, 117% increase in average of MOR was found as the fiber content was increased from 0 to 0.5%, 1%, and 1.5%. Compared to CC material, no significant improvement was found in MOR response for all the fiber volume fractions except for the V f = 0%. This shows that the MOR is independent of recycled aggregate replacement rate.
Influence of Fiber Volume Fraction on Toughness
The improvement in the material flexural response in the post-peak phase that can be captured by flexural toughness factor (FTF). The FTF is the energy equivalent to the total area under the flexural load -deflection curve up to a net deflection of L/150.
A very poor FTF value of 0.313, 0.509,0.291 and 0.251 MPa was noted for the CC and RCA-C mixes from 30% to 100% replacement with V f = 0% because the specimens failed in a brittle manner at cracking. In contrast, the addition of 0.5% to 1.5% volume fraction of steel fiber was observed to significantly overcome the brittleness of the matrix and improve the toughness of the CC and RCA-C mixtures. According to Table 6 , the increase in fiber volume fraction from 0.5% to 1% and 1.5% can lead to 12% and 33% increase in the MOR of CC material. A similar trend was noted for RCA-C materials, where 100% and 128% increase in average of MOR was found as the fiber content was increased from 0.5% to 1%, and 1.5%.
The main influence of recycled aggregates on flexural response of concretes shows on post crack behavior in loaddeflection curves where the higher rate of softening after the peak load causes less TFT for RCA-C. The range of FTF variation between RCA-C materials (except V f = 0.5%) is negligible where the FTF results indicate 12% and 7% change for V f =1% and 1.5%.
Conclusion
This study examined the compression and flexural properties of fiber reinforced recycled concrete containing up to 1.5% volume fraction of steel fibers. The key findings are as following:
 Reducing the size of the recycled aggregates leads to increase in attached mortar and more amount of attached mortar leads to more water absorption.  More porous texture due to the increase of attached mortar leads to about 17% reduction in recycled aggregates density.  Due to the balling effect, no improvement in the 28-day peak compressive strength of CC and RCA-C was found for mixes with more than 1% fiber content.  Compared with CC, pozolanic reaction of microsilica, causes higher compressive strength gain in RCA-C mixes where 60%, 58% and 48% compressive strength improvement was reported for 30%, 50% and 100% recycled concrete versus 37% for conventional concrete.  Plain RCA-C with 50% recycled coarse aggregate replacement would reach higher compressive strength than CC. Compared to the fiber reinforced conventional concretes, 30% and 50% aggregate replacements increase by 11% and 6% in compressive strength, respectively.  30% aggregate replacement leads to 23% increase and 50% and 100% aggregate replacements lead to 17% and 30% decrease in MOR, respectively.  The increase in fiber volume fraction from 0 to 0.5, 1 and 1.5% can lead to 31, 67, 89% increase in the MOR of CC material. A similar trend was noted for RCA-C, where 63, 97, 115% increase in MOR was found as the fiber content was increased from 0 to 0.5%, 1%, and 1.5%.  In fiber-reinforced recycled concretes, the flexural modulus of rupture is independent of the rate of recycled aggregate replacement and has the same value in both recycled and conventional fiber-reinforced concretes.  Increasing the rate of recycled aggregate replacement in fiber-reinforced concretes is more effective in reducing the flexural toughness than in flexural modulus of rupture
